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Abstract
We overview the current status and recent developments on initial conditions in ultra-relativistic nucleus-nucleus col-
lisions. Specifically, we look at the progress in understanding the role of sub-nucleonic fluctuations in large and small
collision systems. Next, we review the current ideas of going beyond boost invariant initial conditions and introducing
physically motivated rapidity fluctuations at RHIC and LHC energies. Finally, we discuss the time evolution of initial
stages and the matching between different descriptions of the QGP.
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1. Introduction
Initial stages describe the short far-from-equilibrium phase of ultra-dense QCD matter created in heavy
ion collisions. Extensive hadronic data to model comparisons support the existence of the hydrodynamically
flowing Quark Gluon Plasma, which is formed at the end of initial stages in nucleus-nucleus collisions. The
medium properties of this new form of matter, e.g. transport coefficients, are inferred from the medium
response to the initial geometric fluctuations, e.g. via flow harmonics vn. Therefore a detailed modeling of
initial conditions in nuclear collisions is essential to the success of heavy ion physics program. The far-from-
equilibrium QCD dynamics right after the initial impact contains no less fascinating physics. The apparent
fast hydrodynamization of QGP in nucleus-nucleus collisions is an actively studied topic. Recent experi-
mental results on multiple flow-like signals in proton-nucleus and proton-proton collisions, put into question
whether a locally equilibrated Quark Gluon Plasma could be formed even in small collision systems.
Our understanding of initial conditions is constantly evolving and, naturally, competing interpretations
of the same phenomena exist. For the full range of ideas pertaining to the physics of initial conditions please
refer to recent reviews [1, 2, 3, 4] and other contributions in this issue.
2. Fluctuations in the transverse plane
The basic picture of heavy ion collisions is given by Monte-Carlo Glauber model, which describes nuclei
as randomly distributed constituent nucleons, which are sampled according to the measured charge density
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Fig. 1. (a) The sub-nucleonic transverse structure of a proton. The gluonic clouds surrounding valence quarks are evolved in rapidity
by JIMWLK evolution, which considerably smears and broadens the profile. Figure taken from [5] (b) The smearing of sub-nucleonic
structure in initial density profile for non-central Pb-Pb collision at
√
sNN = 2.76 TeV. MC-KLN initial energy density profile shown
before and after filtering fluctuations of size < 0.3 fm, which leave most final flow observables unchanged. Figure adapted from [6]
function [7]. Then the event-by-event fluctuations of the transverse collision geometry is a result of random
positions of wounded nucleons. Virtually all initial state models incorporate the wounded nucleon positions
to determine the transverse geometry of the collision, however the physical mechanism to distribute the
released collisional energy at participant positions is model dependent.
To name just two well known examples, the IP-Glasma model uses impact parameter saturation dipole
model (IP-Sat) fitted to HERA data of proton structure to model collisions between individual nucleons
and to determine the averaged squared color charge density in the transverse area [8, 9]. Then gaussian
sampled color charges are used as sources for color-electric and color-magnetic fields, which are evolved
using 2+1D classical Yang Mills equations of motion. The evolved components of gluon energy-momentum
tensor are then used to initialized a hydrodynamic evolution at τ = 0.4 fm/c [10]. In the second example, the
EKRT model, the incoming nuclei produce mini-jets, whose cross-section is calculated by using colinear
factorization of NLO pQCD and nuclear effects are included through parton distribution functions [11, 12].
The saturation condition is imposed by balancing mini-jet production with mini-jet fusion from which a
local energy density is determined. Because the formation time is energy dependent, the initial density
profile is evolved for a short time in a simplified 1D expansion, before passing it to a full hydrodynamic
simulation at τ = 0.2 fm/c [13]. The important feature of these initial state models is the ability to describe
centrality, center-of-mass energy and collision system dependence. However the overall normalization, i.e.
the absolute entropy production in a collision, must be tuned to the charged particle multiplicity at least in
one event class [10, 13]. The recent
√
sNN = 5.44 TeV Xe-Xe run showed that the integrated flow harmonics
vn’s can be successful reproduced or even predicted within these models [13, 14].
There has been recent progress in studying sub-nucleonic fluctuations, which are of particular relevance
in small collision systems, e.g. p-Pb. This involves including sub-nucleonic structure through constituent
quark, wounded quark or hot spot models [15, 16, 17, 18], alternatively one can also study fluctuations in
the effective nucleon-nucleon cross-section [19]. An independent way of constraining such sub-nucleonic
fluctuations was demonstrated in [18]. In this model the fluctuations of valence quarks (and gluon clouds
surrounding them) were used to fit incoherent diffractive vector meson production in e-p collisions at HERA.
The same proton size fluctuations were then used in determining the collision geometry in p-Pb system and
flow harmonics v2 and v3 were successfully reproduced [18]. More recently, the fluctuating proton model
was updated to include the small Bjorken-x evolution, and to revisit IP-Sat dipole parametrization (see
Fig. 1(a)) [5]. It will be very interesting to see if this model can simultaneously reproduce both the the trans-
verse and longitudinal fluctuations in p-Pb collision system. A different approach in fixing the sub-nucleonic
structure is used in Bayesian analysis studies [20]. There the number of sub-nucleonic constituents, their
positions and widths are free parameters, which are adjusted in simultaneous fits to p-Pb and Pb-Pb data.
Although the precise number of constituent does not seem to be well constrained, several constituents with
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Fig. 2. (a) The transverse density profile of a nucleus evolved in Bjorken x by JIMWLK evolution. Figure courtesy of Scott McDon-
ald [22]. (b) The space-time distribution of strings at their thermalization time in a Au+Au collision at
√
sNN = 19.6 GeV. Strings act
as external energy and flow sources for the hydrodynamic evolution, while the string ends (indicated by black dots) carry the net-baryon
charge. Figure taken from [23]
w ∼ 0.5 fm width and distributed in r ∼ 1 fm radius are preferred [20].
For large collisions systems the role of sub-nucleonic fluctuations is less evident, because viscous hydro-
dynamic evolution smears out the small scale structure. A recent systematic investigation up to which scale
λ initial perturbation can be smeared without affecting flow observables was done in [6] using a number of
initial state models (see Fig. 1(b)). The authors conclude that majority of flow observables, e.g. integrated
flow harmonics vn, do not show significant dependence on small-scale structure λ ≤ 1 fm. Only the factor-
ization ratio rn(paT , p
b
T ), which measures the flow decorrelation between momentum bins, exhibit non-trivial
dependence on the smoothing length (this can be attributed to subleading flow harmonics being a response
of radially excited geometry [21]). Hopefully, such studies will lead to a consensus, of which key features
of initial conditions can be un-ambiguously constrained in nucleus-nucleus collisions.
3. Rapidity fluctuations
Ever since the observation of Bjorken that hadron production is approximately constant at mid-rapidity,
boost invariant descriptions of heavy ion collisions were used in numerous theoretical studies. However,
boost invariance is an emergent property of the averaged event ensemble. Even at the highest center-of-
mass collision energies, there are measurable event-by-event fluctuations in the rapidity dependence of flow
harmonics [24]. There has been a number of works explaining possible origin of such forward-backward
flow decorrelations: asymmetric energy deposition of forward and backward going wounded nucleons [25,
26], fluctuating length of strings/flux tubes [27, 28] or quantum fluctuations of color charges [29]. However
our understanding of physical origin of rapidity fluctuations is still much less advanced than that of the
transverse geometry, and experimental results cannot be simultaneously reproduced for different settings
within the same model [30].
The first principle calculations of rapidity fluctuations at high collision energies can be done in the
gluon saturation picture [31]. The highly Lorentz contracted nuclei pass each other instantaneously, filling
the intermediate rapidity region by partons carrying only a fraction of the initial nucleus momentum. It
was proposed in [29] to evolve the transverse profile of CGC initial conditions in rapidity using Langevin
formulation of JIMWLK evolution [32]. Physically it corresponds to stochastic gluon emission with ever
smaller momentum fraction (Bjorken x). As illustrated in Fig. 2, the nuclear profile at different Bjorken
x values correspond to different rapidity η with the transverse geometry increasingly smeared out. Conse-
quently as two opposite going nuclei collide the overlap profile is no longer boost-invariant. This causes
de-correlation of initial eccentricities at different rapidity slides. This preliminary work is being followed by
further studies [22], which will hopefully establish the microscopic understanding of rapidity fluctuations
with a minimal set of model parameters.
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Fig. 3. (a) A proposed cartoon strategy of constructing overlapping descriptions of initial stages of heavy ion collisions by continuously
matching the pressure anisotropy PL/e between classical field, kinetic theory and hydrodynamic simulations (b) The actual realization
of the matching procedure for realistic Pb-Pb initial conditions. The transversely averaged pressure is shown from a 2+1D energy-
momentum tensor evolution in classical Yang-Mills, linearized kinetic theory and viscous hydrodynamics (figure taken from [35]).
At lower collision energies relevant to Beam Energy Scan program, the gamma factor is small and the
initial collision can last for 2−3 fm/c, thus a dynamical initialization of the subsequent (e.g. hydrodynamic)
medium evolution is needed. This can be done, for example, using a partonic model (e.g. UrQMD) [33, 34]
or a phenomenological string model [23]. In the latter, each binary collision of participant nucleons results
in a string between the wounded nucleons. The string tension (which is a parameter of the model) slows
down nucleons from the beam rapidity and convert their kinetic energy in string tension. Once a nucleon is
completely stopped or after certain de-acceleration time ∆τ, string’s energy, flow and baryon density (carried
by the string’s endpoints) is deposited in the hydrodynamic evolution as an external source (see Fig. 2(b)).
As a result, a range of temperatures and baryon chemical potentials are simultaneously spanned at any single
time instance in a single collision event. Such considerations are surely very important for the extraction of
the critical point location in the QCD phase diagram.
4. Pre-equilibrium dynamics
First principle QCD calculations of the time evolution of initial conditions of heavy ion collisions is
a very hard problem, which is studied only in limiting cases. Typical approaches include either using
holographic methods in the strong coupling limit applicable for certain gauge theories and, presently, not to
QCD theory itself [36], or effective weak coupling formulations of QCD which are strictly valid only in the
asymptotic limit of very high collision energies [31, 37].
The weak coupling scenario of the early time evolution in heavy ion collisions is sketched in Fig. 3(a).
The particle production at mid-rapidity region is dominated by the interactions of small Bjorken x gluons,
which reach non-perturbative occupancies f ∼ 1/αs. The resulting strong chromo-electric and chromo-
magnetic fields can be evolved in time by classical Yang-Mills equations of motion until these fields de-
cohere and quantum fluctuations can be no longer neglected. In such classical field description, the lon-
gitudinal pressure component PL = τ2T ηη starts negative, but decays towards zero, never reaching local
equilibrium implied by the application of hydrodynamic evolution at later stages of the collision. In fact,
because the longitudinal expansion rate for boost invariant system diverges at early times, the hydrodynamic
gradient expansion around isotropic particle distribution function (with viscous corrections quantifying the
deviations from the equilibrium) breaks down at sufficiently early times 1. While a general theory of the
equilibration process using QCD kinetic theory has been outlined long time ago [39], up to now there were
no practical frameworks to smoothly connect the early gluon production in classical field simulations with
hydrodynamics of the late time plasma expansion [40, 35, 41]2.
1For the work of extending hydrodynamic descriptions to highly anisotropic systems see [38].
2For recent work connecting CGC initial conditions to kinetic-only description of heavy ion collisions, see [42].
/ Nuclear Physics A 00 (2018) 1–9 5
0
0.2
0.4
0.6
0.8
1
0.1 1 10
2nd order hydro
free streaming
e(
τ
)
/
e i
d
.(
τ
)
τTid./(4piη/s)
kinetic theory η/s = 0.62
kinetic theory η/s = 0.16
(a)
0
0.05
0.1
0.15
0.2
0.25
0.3
1 10 100 1000
η
/
s
dNch/dη
PbPb 2.76 TeV
pPb 5.02 TeV
pp 7 TeV
> 1 < 1
τ h
yd
ro
/R
=
1
0.08
HydroInitial State
(b)
Fig. 4. (a) The ratio of non-equilibrium evolution of energy density in kinetic theory and the ideal hydrodynamics for a boost invariant
expansion. Kinetic theory evolution with different effective η/s values collapse to a universal curve if written in terms of kinetic
relaxation time (η/s)/T . Figure adapted from [35] (b) The contour plot of hydrodynamization time τhydro to system size ratio as a
function of charged particle multiplicity and η/s. The white region corresponds to the cases when hydrodynamization time is smaller
than the transverse system size, i.e. τhydro/R < 1. Arrows indicate typical multiplicity ranges for different collision systems.
The QCD effective kinetic theory systematically describes the interactions between energetic quarks in
gluons in Quark-Gluon Plasma [37]. It involves 2 ↔ 2 scatterings and medium-induced 1 ↔ 2 radiation.
For a very high energy p  T parton transversing thermalized QGP medium, such processes describe
the energy loss, i.e. jet quenching [43], while for in-medium p ∼ T partons they determine the transport
properties of the QGP, e.g. η/s [44]. It was argued in [39] that the same physical processes also bring the
anisotropic CGC initial state towards equilibrium, as illustrated in Fig. 3(a). Explicit numerical simulations
show that such kinetic descriptions smoothly approaches viscous hydrodynamic behavior at late times [45],
while on the other hand, detailed 3+1D classical-statistical Yang-Mills simulations show the emergence of
kinetic behavior at early times [46]. Although the general non-equilibrium formulation of QCD kinetic
theory is still lacking [47], valuable insight in the equilibration process can be gained from the extrapolation
of current kinetic theory techniques to realistic situations [45].
One of the important questions of pre-equilibrium dynamics is determining the time τhydro when the
system can be described by macroscopic hydrodynamic evolution. Shockingly, this can happen even when
the system is still rather anisotropic, i.e. PL/PT ∼ 0.5. Actually, the hydrodynamization time for homoge-
neous boost invariant systems becomes independent of the initial conditions or microscopic details, if it is
expressed in units of kinetic relaxation time τR ∼ (η/s)/T [48]. As it can be seen from Fig. 4(a) the QCD
kinetic theory evolution and 2nd order hydrodynamics starts agreeing at [35, 41]
τhydro ≈ 4piη/sT .
One can then derive a simple formula for the hydrodynamization time ratio over the system size τhydro/R,
which only depends on the charged particle multiplicity and medium constants [35]
τhydro
R
≈
(
4pi(η/s)
2
) 3
2
(
dNch/dη
63
)− 12(S/Nch
7
) (
νeff
40
) 1
2
.
For τhydro/R < 1 the system can reach hydrodynamic behavior while still expanding longitudinally. How-
ever, as soon as evolution time becomes comparable to the transverse system size, a much faster three
dimensional expansion takes over and a long lived hydrodynamic phase could not be formed in a collision.
As the ratio is very sensitive to the value of η/s in the hydrodynamic phase, Fig. 4(b) shows a contour plot of
τhydro/R as a function of shear viscosity and particle multiplicity (with other parameters set to their typical
values). While in central Pb-Pb collisions dNch/dη is large enough that the hydrodynamic phase can be
reached for a range of η/s, small collision systems like p-Pb and peripheral Pb-Pb are unlikely to hydro-
dynamize by the time τ ≈ R. Indeed, one of the important signals of the formation of strongly interacting
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QGP phase is jet quenching, which was never observed in p-Pb collisions and, as recently clarified, is also
not seen in peripheral Pb-Pb collisions [49]. However other signals of collective behavior are observed even
in the smallest systems, which indicate that such signals of collectivity could be already formed or nearly
formed in the pre-equilibirum stages. Whether it could be purely the initial state effect [50] or a result of just
few rescatterings [51] is an ongoing debate, and the pre-equilibrium dynamics of small collisions systems
will surely remain in focus.
Another very practical question in pre-equilibrium dynamics is how one specifies all components of
the energy-momentum tensor T µν(τ, x) needed for hydrodynamic initialization. Current approaches in-
cludes specifying only the initial energy density profile with no initial pre-flow [11, 12], using the en-
ergy and flow from free streaming pre-evolution [52, 53, 54], passing over the energy-momentum tensor
from classical field simulations [10], or using holography inspired initial conditions [55]. A new ap-
proach of pre-equilibrium evolution of the transverse geometry using QCD kinetic theory was presented
in [40, 35, 41]. For pre-equilibrium evolution times much shorter than the transverse system size (typical
situation in nucleus-nucleus collisions), initial perturbations in the energy-momentum tensor δT µν can be
propagated by linear response functions Gµναβ
δT µνx (τhydro, x′)︸            ︷︷            ︸
passed over to hydro
=
∫
d2x′ Gµναβ
(
x − x′, τhydro, τekt
)︸                        ︷︷                        ︸
linear response function
δTαβx (τekt, x′)︸          ︷︷          ︸
initial conditions
.
Considering just initial energy δT ττ and momentum perturbations δT τi, this amounts to 10 independent
scalar Green’s functions calculable in kinetic theory [41]. Combining the non-equilibrium kinetic theory
response functions with the universal background equilibration shown in Fig. 3(a), one obtains a simple
practical tool to actually simulate the equilibration of far-from-equilibrium initial conditions in heavy ion
collisions [56]. Applying this procedure to a realistic IP-Glasma initial state realizes a long sought aim [57]
of building a continuous, overlapping descriptions of initial stages in heavy ion collisions, as demonstrated in
Fig. 3(b). The seamless matching of initial conditions to the hydrodynamic evolution could be of particular
importance for the reliable extraction of transport coefficients of the QGP [51].
5. Summary
Initial conditions of nucleus-nucleus collisions require describing the collision dynamics in all 4 space-
time coordinates immediately after the impact. Our best understanding is of the transverse plane geometry.
Hydrodynamic simulations of heavy ion collisions can successfully reproduce and even predict mid-rapidity
flow harmonics across many collision systems. The studies of small systems also reveal the non-trivial
structure of a proton, which can be independently constrained by experimental data. Equally important to
these efforts, is a systematic quantification of which features of initial state geometry in nucleus-nucleus
collisions can be un-ambigiously constrained from the experimental observables.
Another exciting avenue of theoretical research is understanding the rapidity fluctuations in the initial
conditions. At high collision energies, a significant progress was made by including first principle calcu-
lations of the rapidity evolution of the transverse profile of a collision. Hopefully, the model to data com-
parisons of rapidity dependent observables will soon be on par with the studies at mid-rapidity. At lower
energy collisions, no first principle QCD description seems to be applicable and a more phenomenological
approaches have to be used instead. Because of its importance to Beam Energy Scan program, realistic
modeling of initial baryon density distribution remains a high priority in heavy ion physics.
Finally, a very active line of research has been the study of early time dynamics and approach to equilib-
rium in large and small collision systems. This led to deeper understanding of universality of hydrodynamic
behavior away from equilibrium. Furthermore, practical tools now exist to connect the classical field de-
scription of initial state and the hydrodynamic evolution at late times in nucleus-nucleus collisions using
QCD kinetic theory. There is no doubt that a comprehensive description of pre-equilibrium stages will be
indispensable in explaining the observed signals of collectivity in small collision systems.
/ Nuclear Physics A 00 (2018) 1–9 7
Acknowledgments
I would like to thank J. Berges, P. Boz˙ek, K. Eskola, S. Floerchinger, J. Noronha, B. Schenke, C. Shen,
M. Strickland, R. Venugopalan, and U. Wiedemann, and my collaborators A. Kurkela, S. Schlichting, J.-F.
Paquet and D. Teaney for discussions on these topics. I would also like to thank the Quark Matter 2018
organizers for the invitation and young researcher support. The travel support of HGS-HIRe made possible
thanks to EMMI and QM2014 is gratefully acknowledged. This work was supported in part by the German
Research Foundation (DFG) Collaborative Research Centre (SFB) 1225 (ISOQUANT).
References
[1] W. Busza, K. Rajagopal, W. van der Schee, Heavy Ion Collisions: The Big Picture, and the Big QuestionsarXiv:1802.04801.
[2] J. L. Nagle, W. A. Zajc, Small System Collectivity in Relativistic Hadron and Nuclear CollisionsarXiv:1801.03477.
[3] P. Romatschke, U. Romatschke, Relativistic Fluid Dynamics In and Out of Equilibrium – Ten Years of Progress in Theory and
Numerical Simulations of Nuclear CollisionsarXiv:1712.05815.
[4] S. Schlichting, P. Tribedy, Collectivity in Small Collision Systems: An Initial-State Perspective, Adv. High Energy Phys. 2016
(2016) 8460349. arXiv:1611.00329, doi:10.1155/2016/8460349.
[5] H. Ma¨ntysaari, B. Schenke, Confronting impact parameter dependent JIMWLK evolution with HERA dataarXiv:1806.06783.
[6] F. G. Gardim, F. Grassi, P. Ishida, M. Luzum, P. S. Magalha˜es, J. Noronha-Hostler, Study of the sensitivity of observables to
hot spot size in heavy ion collisions, Phys. Rev. C97 (6) (2018) 064919. arXiv:1712.03912, doi:10.1103/PhysRevC.97.
064919.
[7] M. L. Miller, K. Reygers, S. J. Sanders, P. Steinberg, Glauber modeling in high energy nuclear collisions, Ann. Rev. Nucl. Part.
Sci. 57 (2007) 205–243. arXiv:nucl-ex/0701025, doi:10.1146/annurev.nucl.57.090506.123020.
[8] B. Schenke, P. Tribedy, R. Venugopalan, Fluctuating Glasma initial conditions and flow in heavy ion collisions, Phys. Rev. Lett.
108 (2012) 252301. arXiv:1202.6646, doi:10.1103/PhysRevLett.108.252301.
[9] B. Schenke, P. Tribedy, R. Venugopalan, Event-by-event gluon multiplicity, energy density, and eccentricities in ultrarelativistic
heavy-ion collisions, Phys. Rev. C86 (2012) 034908. arXiv:1206.6805, doi:10.1103/PhysRevC.86.034908.
[10] S. Ryu, J.-F. Paquet, C. Shen, G. Denicol, B. Schenke, S. Jeon, C. Gale, Effects of bulk viscosity and hadronic rescattering in
heavy ion collisions at energies available at the BNL Relativistic Heavy Ion Collider and at the CERN Large Hadron Collider,
Phys. Rev. C97 (3) (2018) 034910. arXiv:1704.04216, doi:10.1103/PhysRevC.97.034910.
[11] H. Niemi, K. J. Eskola, R. Paatelainen, Event-by-event fluctuations in a perturbative QCD + saturation + hydrodynamics model:
Determining QCD matter shear viscosity in ultrarelativistic heavy-ion collisions, Phys. Rev. C93 (2) (2016) 024907. arXiv:
1505.02677, doi:10.1103/PhysRevC.93.024907.
[12] H. Niemi, K. J. Eskola, R. Paatelainen, K. Tuominen, Predictions for 5.023 TeV Pb + Pb collisions at the CERN Large Hadron
Collider, Phys. Rev. C93 (1) (2016) 014912. arXiv:1511.04296, doi:10.1103/PhysRevC.93.014912.
[13] K. J. Eskola, H. Niemi, R. Paatelainen, K. Tuominen, Predictions for multiplicities and flow harmonics in 5.44 TeV Xe+Xe colli-
sions at the CERN Large Hadron Collider, Phys. Rev. C97 (3) (2018) 034911. arXiv:1711.09803, doi:10.1103/PhysRevC.
97.034911.
[14] B. Schenke, C. Shen, P. Tribedy, Features of the IP-Glasma, in: 27th International Conference on Ultrarelativistic Nucleus-
Nucleus Collisions (Quark Matter 2018) Venice, Italy, May 14-19, 2018, 2018. arXiv:1807.05205.
[15] R. D. Weller, P. Romatschke, One fluid to rule them all: viscous hydrodynamic description of event-by-event central p+p, p+Pb
and Pb+Pb collisions at
√
s = 5.02 TeV, Phys. Lett. B774 (2017) 351–356. arXiv:1701.07145, doi:10.1016/j.physletb.
2017.09.077.
[16] P. Boz˙ek, W. Broniowski, Transverse momentum fluctuations in ultrarelativistic Pb + Pb and p + Pb collisions with “wounded”
quarks, Phys. Rev. C96 (1) (2017) 014904. arXiv:1701.09105, doi:10.1103/PhysRevC.96.014904.
[17] J. L. Albacete, H. Petersen, A. Soto-Ontoso, Symmetric cumulants as a probe of the proton substructure at LHC energies, Phys.
Lett. B778 (2018) 128–136. arXiv:1707.05592, doi:10.1016/j.physletb.2018.01.011.
[18] H. Ma¨ntysaari, B. Schenke, C. Shen, P. Tribedy, Imprints of fluctuating proton shapes on flow in proton-lead collisions at the
LHC, Phys. Lett. B772 (2017) 681–686. arXiv:1705.03177, doi:10.1016/j.physletb.2017.07.038.
[19] M. Alvioli, M. Strikman, Color fluctuation effects in proton-nucleus collisions, Phys. Lett. B722 (2013) 347–354. arXiv:
1301.0728, doi:10.1016/j.physletb.2013.04.042.
[20] J. S. Moreland, J. E. Bernhard, S. A. Bass, Estimating nucleon substructure properties in a unified model of p-Pb and Pb-Pb
collisions, in: 27th International Conference on Ultrarelativistic Nucleus-Nucleus Collisions (Quark Matter 2018) Venice, Italy,
May 14-19, 2018, 2018. arXiv:1806.04802.
[21] A. Mazeliauskas, D. Teaney, Subleading harmonic flows in hydrodynamic simulations of heavy ion collisions, Phys. Rev. C91 (4)
(2015) 044902. arXiv:1501.03138, doi:10.1103/PhysRevC.91.044902.
[22] S. McDonald, S. Jeon, C. Gale, IP-Glasma Phenomenology Beyond 2D, in: 27th International Conference on Ultrarelativistic
Nucleus-Nucleus Collisions (Quark Matter 2018) Venice, Italy, May 14-19, 2018, 2018. arXiv:1807.05409.
[23] C. Shen, B. Schenke, Dynamical initial state model for relativistic heavy-ion collisions, Phys. Rev. C97 (2) (2018) 024907.
arXiv:1710.00881, doi:10.1103/PhysRevC.97.024907.
[24] M. Aaboud, et al., Measurement of forward-backward multiplicity correlations in lead-lead, proton-lead, and proton-proton
collisions with the ATLAS detector, Phys. Rev. C95 (6) (2017) 064914. arXiv:1606.08170, doi:10.1103/PhysRevC.95.
064914.
8 / Nuclear Physics A 00 (2018) 1–9
[25] A. Bzdak, D. Teaney, Longitudinal fluctuations of the fireball density in heavy-ion collisions, Phys. Rev. C87 (2) (2013) 024906.
arXiv:1210.1965, doi:10.1103/PhysRevC.87.024906.
[26] P. Bozek, W. Broniowski, The torque effect and fluctuations of entropy deposition in rapidity in ultra-relativistic nuclear collisions,
Phys. Lett. B752 (2016) 206–211. arXiv:1506.02817, doi:10.1016/j.physletb.2015.11.054.
[27] L.-G. Pang, G.-Y. Qin, V. Roy, X.-N. Wang, G.-L. Ma, Longitudinal decorrelation of anisotropic flows in heavy-ion collisions
at the CERN Large Hadron Collider, Phys. Rev. C91 (4) (2015) 044904. arXiv:1410.8690, doi:10.1103/PhysRevC.91.
044904.
[28] A. Monnai, B. Schenke, Pseudorapidity correlations in heavy ion collisions from viscous fluid dynamics, Phys. Lett. B752 (2016)
317–321. arXiv:1509.04103, doi:10.1016/j.physletb.2015.11.063.
[29] B. Schenke, S. Schlichting, 3D glasma initial state for relativistic heavy ion collisions, Phys. Rev. C94 (4) (2016) 044907.
arXiv:1605.07158, doi:10.1103/PhysRevC.94.044907.
[30] P. Bozek, W. Broniowski, Longitudinal decorrelation measures of flow magnitude and event-plane angles in ultrarelativistic
nuclear collisions, Phys. Rev. C97 (3) (2018) 034913. arXiv:1711.03325, doi:10.1103/PhysRevC.97.034913.
[31] F. Gelis, E. Iancu, J. Jalilian-Marian, R. Venugopalan, The Color Glass Condensate, Ann. Rev. Nucl. Part. Sci. 60 (2010) 463–489.
arXiv:1002.0333, doi:10.1146/annurev.nucl.010909.083629.
[32] T. Lappi, H. Ma¨ntysaari, On the running coupling in the JIMWLK equation, Eur. Phys. J. C73 (2) (2013) 2307. arXiv:1212.
4825, doi:10.1140/epjc/s10052-013-2307-z.
[33] I. A. Karpenko, P. Huovinen, H. Petersen, M. Bleicher, Estimation of the shear viscosity at finite net-baryon density from A + A
collision data at
√
sNN = 7.7 − 200 GeV, Phys. Rev. C91 (6) (2015) 064901. arXiv:1502.01978, doi:10.1103/PhysRevC.
91.064901.
[34] L. Du, U. Heinz, G. Vujanovic, Hybrid model with dynamical sources for heavy-ion collisions at BES energiesarXiv:1807.
04721.
[35] A. Kurkela, A. Mazeliauskas, J.-F. Paquet, S. Schlichting, D. Teaney, Matching the non-equilibrium initial stage of heavy ion
collisions to hydrodynamics with QCD kinetic theoryarXiv:1805.01604.
[36] O. DeWolfe, S. S. Gubser, C. Rosen, D. Teaney, Heavy ions and string theory, Prog. Part. Nucl. Phys. 75 (2014) 86–132.
arXiv:1304.7794, doi:10.1016/j.ppnp.2013.11.001.
[37] P. B. Arnold, G. D. Moore, L. G. Yaffe, Effective kinetic theory for high temperature gauge theories, JHEP 01 (2003) 030.
arXiv:hep-ph/0209353, doi:10.1088/1126-6708/2003/01/030.
[38] M. Alqahtani, M. Nopoush, M. Strickland, Relativistic anisotropic hydrodynamics, Prog. Part. Nucl. Phys. 101 (2018) 204–248.
arXiv:1712.03282, doi:10.1016/j.ppnp.2018.05.004.
[39] R. Baier, A. H. Mueller, D. Schiff, D. T. Son, ’Bottom up’ thermalization in heavy ion collisions, Phys. Lett. B502 (2001) 51–58.
arXiv:hep-ph/0009237, doi:10.1016/S0370-2693(01)00191-5.
[40] L. Keegan, A. Kurkela, A. Mazeliauskas, D. Teaney, Initial conditions for hydrodynamics from weakly coupled pre-equilibrium
evolution, JHEP 08 (2016) 171. arXiv:1605.04287.
[41] A. Kurkela, A. Mazeliauskas, J.-F. Paquet, S. Schlichting, D. Teaney, Effective kinetic description of event-by-event pre-
equilibrium dynamics in high-energy heavy-ion collisionsarXiv:1805.00961.
[42] M. Greif, C. Greiner, B. Schenke, S. Schlichting, Z. Xu, Importance of initial and final state effects for azimuthal correlations in
p+Pb collisions, Phys. Rev. D96 (9) (2017) 091504. arXiv:1708.02076, doi:10.1103/PhysRevD.96.091504.
[43] Y. Mehtar-Tani, J. G. Milhano, K. Tywoniuk, Jet physics in heavy-ion collisions, Int. J. Mod. Phys. A28 (2013) 1340013.
arXiv:1302.2579, doi:10.1142/S0217751X13400137.
[44] J. Ghiglieri, G. D. Moore, D. Teaney, QCD Shear Viscosity at (almost) NLO, JHEP 03 (2018) 179. arXiv:1802.09535,
doi:10.1007/JHEP03(2018)179.
[45] A. Kurkela, Y. Zhu, Isotropization and hydrodynamization in weakly coupled heavy-ion collisions, Phys. Rev. Lett. 115 (18)
(2015) 182301. arXiv:1506.06647, doi:10.1103/PhysRevLett.115.182301.
[46] J. Berges, K. Boguslavski, S. Schlichting, R. Venugopalan, Universal attractor in a highly occupied non-Abelian plasma, Phys.
Rev. D89 (11) (2014) 114007. arXiv:1311.3005, doi:10.1103/PhysRevD.89.114007.
[47] A. Kurkela, G. D. Moore, Thermalization in Weakly Coupled Nonabelian Plasmas, JHEP 12 (2011) 044. arXiv:1107.5050,
doi:10.1007/JHEP12(2011)044.
[48] M. P. Heller, A. Kurkela, M. Spalin´ski, V. Svensson, Hydrodynamization in kinetic theory: Transient modes and the gradient
expansion, Phys. Rev. D97 (9) (2018) 091503. arXiv:1609.04803, doi:10.1103/PhysRevD.97.091503.
[49] S. Acharya, et al., Analysis of the apparent nuclear modification in peripheral Pb-Pb collisions at 5.02 TeVarXiv:1805.05212.
[50] M. Mace, V. V. Skokov, P. Tribedy, R. Venugopalan, Systematics of azimuthal anisotropy harmonics in proton-nucleus collisions
at the LHC from the Color Glass CondensatearXiv:1807.00825.
[51] A. Kurkela, U. A. Wiedemann, B. Wu, Kinetic transport is needed to reliably extract shear viscosity from pA and AA dataarXiv:
1805.04081.
[52] J. S. Moreland, J. E. Bernhard, S. A. Bass, Alternative ansatz to wounded nucleon and binary collision scaling in high-energy
nuclear collisions, Phys. Rev. C92 (1) (2015) 011901. arXiv:1412.4708, doi:10.1103/PhysRevC.92.011901.
[53] W. Broniowski, W. Florkowski, M. Chojnacki, A. Kisiel, Free-streaming approximation in early dynamics of relativistic heavy-
ion collisions, Phys. Rev. C80 (2009) 034902. arXiv:0812.3393, doi:10.1103/PhysRevC.80.034902.
[54] J. Liu, C. Shen, U. Heinz, Pre-equilibrium evolution effects on heavy-ion collision observables, Phys. Rev. C91 (6) (2015)
064906, [Erratum: Phys. Rev.C92,no.4,049904(2015)]. arXiv:1504.02160, doi:10.1103/PhysRevC.92.049904,10.
1103/PhysRevC.91.064906.
[55] W. van der Schee, P. Romatschke, S. Pratt, Fully Dynamical Simulation of Central Nuclear Collisions, Phys. Rev. Lett. 111 (22)
(2013) 222302. arXiv:1307.2539, doi:10.1103/PhysRevLett.111.222302.
[56] A. Kurkela, A. Mazeliauskas, J.-F. Paquet, S. Schlichting, D. Teaney, KøMPøST: linearized kinetic theory propagator of initial
/ Nuclear Physics A 00 (2018) 1–9 9
conditions for heavy ion collisions, GitHub (Apr. 2018).
URL https://github.com/KMPST/KoMPoST
[57] A. Kurkela, Initial state of Heavy-Ion Collisions: Isotropization and thermalization, Nucl. Phys. A956 (2016) 136–143. arXiv:
1601.03283, doi:10.1016/j.nuclphysa.2016.01.069.
